Single-molecule force spectroscopy using an atomic force microscope (AFM) can be used to measure the average unfolding force of proteins in a constant velocity experiment. In combination with Monte Carlo simulations and through the application of the Zhurkov-Bell model, information about the parameters describing the underlying unfolding energy landscape of the protein can be obtained. Using this approach, we have completed protein unfolding experiments on the polyprotein (I 27) 5 over a range of pulling velocities. In agreement with previous work, we find that the observed number of protein unfolding events observed in each approach-retract cycle varies between one and five, due to the nature of the interactions between the polyprotein, the AFM tip, and the substrate, and there is an unequal unfolding probability distribution. We have developed a Monte Carlo simulation that incorporates the impact of this unequal unfolding probability distribution on the median unfolding force and the calculation of the protein unfolding energy landscape parameters. These results show that while there is a significant, unequal unfolding probability distribution, the unfolding energy landscape parameters obtained from use of the Zhurkov-Bell model are not greatly affected. This result is important because it demonstrates that the minimum acceptance criteria typically used in force extension experiments are justified and do not skew the calculation of the unfolding energy landscape parameters. We further validate this approach by determining the error in the energy landscape parameters for two extreme cases, and we provide suggestions for methods that can be employed to increase the level of accuracy in single-molecule experiments using polyproteins.
I. INTRODUCTION
Single-molecule force spectroscopy is a commonly used tool for the mechanical characterization of polymers and biological molecules, such as proteins and DNA [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] , and ligand-protein interactions [11] [12] [13] [14] [15] [16] [17] [18] [19] . These experiments can be performed using a variety of experimental setups, including optical tweezers [3, 20] , the atomic force microscope (AFM) [1, 4] , magnetic tweezers [21, 22] , and the biomembrane force probe [23] . In a typical AFM single-molecule force spectroscopy experiment, protein molecules are immobilized on a surface, and the AFM probe is repeatedly brought into contact with the surface. When the probe successfully picks up a protein molecule through a nonspecific interaction, it extends the tethered protein either at a constant velocity or a constant force before driving it to a fully extended, unfolded state [ Fig. 1(a) ] [4] .
Rather than using single protein domains, polyprotein chains (repeats of identical or alternating protein domains joined by amino acid linkers [24, 25] , pairs of cysteine residues [26] , maleimide-thiol coupling [27] , or disulfide bridges [28] ) are often used. These provide clear fingerprints, such as the recognizable sawtooth pattern seen in the forceextension traces collected in constant velocity measurements [ Fig. 1(b) ]. The use of polyproteins also reduces the dominance of interactions between the AFM probe and the surface on the measured unfolding force, and it increases the number of data points collected for a given approach and retraction cycle [4, 29, 30] .
In an example force-extension retraction curve, where a single polyprotein is adsorbed onto the cantilever tip, the polyprotein is elongated and the force acting on each protein domain increases as the cantilever is moved away from the substrate [ Fig. 1(b) ]. At a given force, one of the domains will unfold, resulting in a peak in the force-extension trace. This unfolding event releases previously sequestered polypeptide, slackening the chain, which results in a sudden decrease in force seen in the force-extension trace, followed by a gradual increase in force again as the distance between the cantilever and the substrate continually increases. As each domain in the chain unfolds, each unfolding event appears as a peak in the resulting sawtooth pattern. This process is stochastic, and it is not possible to predict the order in which a chain of identical domains will unfold [31] .The final peak in every force versus extension trace is the detachment peak, which is not included in the analysis.
In a constant velocity experiment, the peak unfolding forces in all of the force-extension traces are recorded [ Fig. 1(c) ], enabling the median or average unfolding forces to be found , where forces from sawtooth patterns containing between two and five unfolding events are pooled. The Gaussian fit (solid line) provides a measure of the spread of the data, with 52 unfolding events. (d) Schematic of the ln of the pulling speed plotted against the median unfolding force of I27. Monte Carlo simulations are used to obtain the best linear fit to the data using the Zhurkov-Bell model. (e) Schematic of the one-dimensional estimation of the mechanical unfolding energy landscape as described by the Zhurkov-Bell model, showing the native, folded state (N ), the transition state (TS), the unfolded state (U ), and the distance between the native state and the transition state x U . The height of the activation energy barrier to unfolding, G * , depends on the unfolding rate k U (0). at a single pulling velocity for the protein.
Repeating the experiments at different pulling speeds enables the dependence of the unfolding force on the pulling speed to be found [ Fig. 1(d) ]. As unfolding is a kinetically controlled process, measuring the speed dependence of unfolding can yield information on the basic parameters of the one-dimensional energy landscape of the protein, namely the unfolding rate constant [k U (0)] and the distance from the native state of the protein to the mechanical unfolding transition state ( x U ) [32] [ Fig. 1(e) ]. This technique is based on the application of the Zhurkov-Bell model [33] , where the lifetimes of materials under mechanical stress are described by a van 't Hoff Arrhenius-like expression. While a number of other theoretical models have been developed [34] [35] [36] [37] [38] [39] [40] [41] [42] , the application of the Zhurkov-Bell model is most frequently adopted for the analysis of single-molecule AFM force spectroscopy experiments. A recent review provides details of studies that have employed the Zhurkov-Bell model to extract parameters of the unfolding energy landscape of a protein from experimental data on polyproteins [43] . In addition, since that review, 12 additional studies have used the Zhurkov-Bell model to extract information from force spectroscopy experiments [15, [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] . Given the prevalence of the Zhurkov-Bell model in force spectroscopy experiments, it is interesting to examine its application and accuracy in more detail.
In the Zhurkov-Bell model, the protein domain is assumed to unfold via a two-state process, governed by k U (0) and x U . The height of the activation energy barrier, G * , can then be calculated using the values obtained for k U (0) and x U [10] . A Monte Carlo (MC) simulation that applies the Zhurkov-Bell model to a polyprotein is used to obtain estimates of k U (0) and x U . In this simulation there is an equal probability of observing 1 to n unfolding events for a polyprotein of length n.
Typically, the data from an experiment containing multiple force-extension profiles from many approach-retraction cycles are pooled into a single histogram [4] . The MC simulation is then performed, generating a histogram of unfolding forces resulting from initial values of k U (0) and x U . These values are then optimized until a good match is obtained to the experimental median unfolding force and the histogram distribution width. In a typical AFM single-molecule force spectroscopy experiment using a polyprotein chain, the number of unfolding events seen in a given force-extension trace will vary. This is because the polyprotein can be "picked up" in different ways in an experiment and may detach from the AFM cantilever before FIG. 2. Four schematics depicting possible reasons why five unfolding events for (I27) 5 polyprotein constructs are not always seen, despite every polyprotein construct containing five domains of I27. In the first schematic, five unfolding events should be seen; in the second, due to two domains being attached nonspecifically to the surface, only three unfolding events will be seen; in the third schematic, only three domains are between the cantilever tip and the surface due to the position at which the polyprotein construct has been picked up; and in the fourth schematic, the polyprotein construct detaches from the cantilever tip before all of the I27 domains have unfolded.
unfolding of all domains has occurred. The most commonly seen traces have no unfolding events, and it is less probable to see a force-extension trace where all n unfolding events occur and a detachment peak is clearly seen. More often, we see force-extension traces where between one and n − 1 unfolding events and a detachment peak are observed. Figure 2 illustrates the different possible reasons why fewer than n unfolding events are commonly observed.
In a recent study, a model-free numerical analysis was applied to experimental data to confirm that a polyprotein binds at a random position both to the substrate and to the AFM cantilever tip [55] . This results in an unequal unfolding probability distribution in the experiment. So, while the MC simulation that is used to model the data assumes an equal distribution of unfolding events, each experiment will have a unique distribution that is unlikely to be equal. Here, we complete single-molecule experiments on the polyprotein (I27) 5 and measure the probability distribution of unfolding events ranging from two to five domains. Next, we consider the effect of the number of unfolding events observed for a polyprotein on the measured unfolding force for each individual protein domain in the polyprotein chain at a range of pulling speeds. We then develop a MC simulation that incorporates the unequal unfolding probability distribution seen in the experiment, allowing us to determine the resulting uncertainty in the estimates of k U (0) and x U .
II. MATERIALS AND METHODS

A. AFM experiments
Single-molecule force spectroscopy experiments were performed using an Asylum MFP-3D AFM (Asylum Research, Santa Barbara, CA), using silicon nitride cantilevers with spring constants in the range 40.28 ± 1.28 pN nm −1 (Bruker, CA). Cantilever spring constants were calibrated in buffer using the equipartition theorem [56, 57] .
The protein used was a double mutant of the I27 domain from human cardiac titin, where both cysteine residues were mutated to serines, which will be referred to as I27 in this paper. (I27) 5 polyprotein constructs were expressed and purified according to methods described previously [58] . All domains in the protein constructs were assumed to be folded under the conditions used in the AFM experiments, based on characterization of the stability of (I27) 5 described elsewhere [58] .
A total of 30-50 μl of 0.1 mg ml −1 protein solution in sodium phosphate buffer (63 mM, pH 7.4) was applied onto a coverslip with a freshly stripped gold surface, and the polyproteins immobilized on the surface by covalent attachment of the sulphydryl groups of two cysteine residues at the C-terminus of the polyprotein chain. After 15 min, the surface was flushed with fresh buffer to remove any unbound protein. Results are shown from mechanical unfolding experiments collected in triplicate at pulling speeds of 160, 400, 1000, and 2000 nm s −1 .
B. Monte Carlo simulations
Monte Carlo (MC) simulations were performed in Igor Pro (Version 6, Wavemetrics, Lake Oswego, OR) using modifications to code previously developed to obtain estimates for the coarse parameters of the mechanical unfolding energy landscape for polyproteins containing two different protein domains [32] . Each protein domain is assumed to unfold via a two-state, all-or-none process, given by the following adaptation of the Zhurkov-Bell model:
where k U (F ) is the force-dependent rate constant at the applied force, F ; A is the attempt frequency or exponential prefactor (which is commonly given an estimated value of 10 6 s −1 [59] ), x U is the distance from the native folded state to the transition state along the measured reaction coordinate, G * U is the height of the free-energy barrier to unfolding, k B is Boltzmann's constant, and T is temperature. In the simulation, as the distance between the cantilever and the substrate is increased at a constant velocity, the force applied to the polyprotein construct of contour length (L C ) is recalculated using the wormlike-chain (WLC) model [60] at each time step, dt. The probability of unfolding is then calculated using
where N f is the number of folded domains in the construct. If a domain is forced to unfold at this step, the length of the unfolded domain minus the length of the folded domain is added to the folded contour length of the construct. This is repeated until every domain in the polyprotein is unfolded. The simulation was repeated 1000 times, and the unfolding force for each unfolding event was recorded. The median unfolding forces and the standard deviations of the distributions were calculated for comparison with experimental data. In the work presented here, the code was extended to enable polyproteins containing only one type of protein domain (homo-polyprotein) to be simulated, and importantly, to allow the user to input the probability of picking up and unfolding polyproteins with different numbers of domains (ranging from two domains up to five) informed by the statistics from the experimental data.
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III. RESULTS
Single-molecule protein unfolding experiments using (I27) 5 were completed at four different pulling speeds (160, 400, 1000, and 2000 nm s −1 ). Each experimental forceextension trace contains between one and five unfolding events. Figure 3(a) illustrates examples of the force-extension traces measured when two, three, four, and five domains are unfolded. Figure 3(b) illustrates the percentage occurrence of unfolding different numbers of domains for pooled data from three separate experiments at a pulling speed of 160 and 2000 nm s −1 (i.e., how often two domains, three domains, four domains, and five domains are seen to unfold in a given experiment). Force-extension traces containing only single unfolding events were not included. This reduces the possibility of including nonspecific interaction events. From . The first bar (dark gray) indicates the frequency of force-extension traces where two domains of I27 unfold, the second bar (white) indicates those where three domains unfold, the third bar (medium gray) where four unfold, and the fourth bar (light gray) where five unfold, where the percentage occurrence from the pooled data from three individual experiments is shown at each pulling speed. Error bars indicate the standard error in the percentages, indicating the level of variation in the percentages of each distribution of unfolding events between the three experiments. Fig. 3(b) , it is clear that the probability of seeing two unfolding events in a force-extension trace is significantly higher than the probability of seeing five unfolding events. This is in contrast to the MC simulations typically used to fit the data from these experiments, where an equal probability of measuring between two and five unfolding events is assumed [32] . The unequal unfolding probability measured in Fig. 3(b) can be empirically modeled with the function (0.63)
N at a pulling speed of 160 nm s −1 , where N is the maximum number of unfolding events. This implies that the population of observed events decreases by 37% for each extra observed unfolding event. At a pulling speed of 2000 nm s −1 , the population of observed events decreases by 41% for each extra unfolding domain observed. The probability of picking up and unfolding shorter length polyprotein constructs is significantly larger than that of picking up and unfolding full length constructs, and it is in agreement with data collected using I27 polyprotein constructs using two types of cantilevers, namely glass and gold substrates, and using constructs with or without a terminal cysteine residue [61] . The effect of the variation in probability of picking up and unfolding different numbers of domains has also been observed in the analysis of single-molecule force spectroscopy data from force-clamp spectroscopic techniques [31, 55] . Experiments using a polyprotein containing 12 domains observed an unequal unfolding probability and measured that the population of observed events decreased by 22% for each extra observed unfolding event [55] .
Unequal unfolding probabilities could suggest that there are correlations in the system (memory) or the presence of alternate unfolding pathways and energy barriers. A previous study using single-molecule force-clamp spectroscopy measured the kinetics of protein unfolding at a constant force and found that while the majority of the experimental data could be described by a single unfolding rate constant, the remainder could not, suggesting alternative unfolding barriers in the energy landscape of the protein [31] . Another single-molecule study examined the energy fluctuations in the unfolding energy landscape of a protein and a broad distribution of unfolding rates, implying large fluctuations in the energies of the folded protein [62] . In the present study, we examine the impact of the unequal unfolding distribution [ Fig. 3(b) ] on the measured unfolding forces and the application of the Zhurkov-Bell model to extract unfolding energy landscape parameters. To do this, we next considered the importance of the protein unfolding event number on the measured unfolding force.
In Fig. 4(a) , we show an example experimental forceextension trace for the unfolding of a full (I27) 5 construct with each individual unfolding event numbered from 1 to 5. For all experimental traces containing five unfolding events, we measured the unfolding force for each event number. Figure 4 (b) shows an interesting relationship between the median unfolding force and the event number. It can be seen that the median unfolding force first decreases with event number before increasing again, with the lowest unfolding forces seen for events 2 and 3. This relationship has been reported previously [63] , and it has been attributed to the "unfolding history" of the polyprotein chain. The unfolding history affects the measured mechanical resistance of a single protein domain in two ways: domain number (i.e., how many protein domains have already unfolded and how many remain folded), and the stiffness of the supramolecular scaffold (i.e., The median unfolding forces for individual events as numbered in (a), from the unfolding of (I27) 5 constructs, experimental data obtained at 2000 nm s −1 (black, filled circles). Open circles: the median simulated unfolding forces for 1000 full (I27) 5 constructs, separated by the event number, obtained from equal unfolding probability MC simulations. Error bars indicate the standard error of the forces. Inset: Schematic illustrating the minimum observed in the forces due to the balance between the two competing effects resulting from the unfolding history of the polyprotein chain, where the gray dotted line indicates the effect of a reduced probability of unfolding with increasing event number, and the black dashed line indicates the effect of increasing compliance with increasing event number. a combination of the spring constant of the cantilever and the stiffness of the polyprotein chain after a given number of domains have unfolded). The result is two competing effects, both of which affect the loading rate on the folded domains in the chain: one that serves to increase the median unfolding force with increasing event number, and one that decreases it [ Fig. 4(b) (inset) ]. First, with increasing event number there is a reduction in the number of folded protein domains in the polyprotein chain. The fewer protein domains that remain folded, the lower the probability that another protein domain will unfold at a given force. This results in an increase in the force required for an unfolding event to occur, thus the measured median unfolding force rises with event number [gray dotted line in Fig. 4(b) (inset) ]. Secondly, as each protein domain unfolds, the total length of the polyprotein chain increases, which increases the overall compliance of the polyprotein. The compliance is the inverse of the effective spring constant, therefore a more compliant system yields a larger extension for a given force. As the compliance increases with event number, the force required to unfold each domain is reduced [black dashed line in Fig. 4(b) (inset) ] [63] .
The changes in the domain number and compliance are both taken into account in the MC simulations, the latter by recalculating the applied force using the WLC model at each time step in the MC simulations [ Fig. 4(b) , empty symbols] [32] . These simulations use the assumption that there is an equal probability of picking up and unfolding any length of polyprotein chain, from two domains up to five, through a nonspecific interaction between the tip and the polyprotein. However, this is clearly not the case experimentally [ Fig. 3(b) ], where an unequal unfolding probability distribution is measured. This could be problematic because a polyprotein chain of two domains will have a higher median unfolding force than a chain of five domains, despite the identity of each domain [58, 63, 64] , because the compliance of a polyprotein chain containing two protein domains will always be lower than a longer chain containing more domains. This difference will therefore be more pronounced in longer polyprotein chains.
To determine the impact of an unequal unfolding probability distribution on the parameters obtained from the application of the Zhurkov-Bell model, we obtained an experimental data set for (I27) 5 [ Fig. 5(a) ], and we used the data to fit MC simulations in which there is (i) an unequal unfolding probability distribution and (ii) an equal unfolding probability distribution. The dataset comprises 12 experiments, three at each pulling speed of 160, 400, 1000, and 2000 nm s −1 . Each data point is the average value of the median unfolding forces from the three repeated experiments. The error bars on the experimental data points denote the standard error between the median unfolding forces of each experiment. A linear fit to the experimental data (solid black line) serves as the standard for comparing the quality of the MC simulation fits (dashed and dotted lines). A MC simulation was completed in which there was an equal unfolding probability distribution for the (I27) 5 at each pulling speed (red dashed line). A second MC simulation was completed in which there was an unequal unfolding probability distribution for the (I27) 5 at each pulling speed (blue dashed line). The probability distribution measured in the experiments [ Fig. 3(b) ] was used to inform this simulation. The Zhurkov-Bell model was then used to extract parameters of the unfolding energy landscape from each of the simulations. The equal unfolding probability distribution MC simulation fit (red dashed line) gave values of k U (0) = 0.0011 ± 0.0029 s −1 and x U = 0.2900 ± 0.0100 nm, in good agreement with the published data [58] . The unequal unfolding probability distribution MC simulation fit (blue dashed line) gave values of k U (0) = 0.0021 ± 0.0006 s −1 and x U = 0.2800 ± 0.0012 nm. Both fits were optimized until the value of the gradient of the slope and the y intercept most closely matched those of the fit to the experimental data, where k U (0) and x U were optimized to an accuracy of three significant figures. Errors were calculated using the method described previously [48] . Interestingly, while there is clearly an unequal unfolding probability distribution [ Fig. 3(b) ], the unfolding energy landscape parameters obtained from use of the Zhurkov-Bell model are not greatly affected. This result is important because it demonstrates that while it is more likely to obtain shorter unfolding traces in the experiments, leading to an unequal unfolding probability distribution, the parameters obtained from the MC simulation, using the Zhurkov- . The solid black line is a linear fit to the experimental data. The red dashed line shows the optimized fit from the equal unfolding probability distribution MC simulation, and the blue dotted line shows the optimized fit from the unequal unfolding probability distribution MC simulation. Both fits are very close to the fit to the experimental data. The probability weightings used in each simulation to match the experimental data are illustrated using the same format as in Fig. 3(b) . In the equal unfolding probability simulation, all unfolding event types (from two to five domains) have an equal probability of occurring. (b) Schematic of the difference between the estimate of the unfolding energy landscape using the parameters from the equal unfolding probability MC simulation (red dashed line) and those from the unequal unfolding probability MC simulation (blue dotted line). The equal unfolding probability MC simulation fit (red dashed line) gave values of k U (0) = 0.0011 ± 0.0029 s −1 and x U = 0.29 ± 0.010 nm. The unequal unfolding probability MC simulation fit (blue dotted line) gave values of k U (0) = 0.0021 ± 0.0006 s −1 and x U = 0.28 ± 0.0012 nm. minimum acceptance criteria typically used in force extension experiments are justified and do not skew the calculation of the unfolding energy landscape parameters. Using the method described in Sec. II, the value obtained for G * using the equal unfolding probability MC simulation fit was 20.63k B T , and for the unequal unfolding probability MC simulation it was 19.98k B T (using a value of 10 6 s −1 for the prefactor, A) [59] . The resulting difference in the estimated unfolding energy landscape is shown in Fig. 5(b) . As expected, there is little difference in the energy landscape parameters.
To further examine the impact of an unequal unfolding probability distribution on the application of the ZhurkovBell model, we completed two MC simulations for (I27) 5 in which (i) all the domains in the polyprotein unfolded, (ii) only two domains in the polyprotein unfolded, and (iii) between two and five unfolding events took place. Cases (i) and (ii) represent the maximum and minimum number of unfolding events that fall within the acceptance criteria in the experimental analysis. Completing simulations for these different cases then allows the median unfolding forces to be obtained for the longest and shortest protein unfolding traces as well as the subsequent calculation of the error in the unfolding energy landscape parameters. MC simulations of protein unfolding were completed using fixed values of k U (0) and x U , over a range of different pulling speeds (100, 200, 600, and 2000 nm s −1 ). Each simulation was completed to a count of 1000 force-extension traces. There were not enough experimental data points to compare directly to this amount of simulated data, but the effect of domain number on unfolding force is clearly demonstrated using the simulated data. The k U (0) and x U values used were those previously published for I27, where k U (0) = 0.0015 s −1 and x U = 0.28 nm [9, 58] . We make the assumption that in an experiment only two unfolding events are seen because the cantilever has picked the polyprotein chain up in such a position that there are only two folded protein domains and no unfolded domains between the tip and the surface. It is also possible for the polyprotein chain to become detached from the cantilever tip before more than two domains have time to unfold.
The resulting median unfolding force at each pulling speed was plotted against the natural logarithm of the pulling speed (Fig. 6 ). It can be seen that over all pulling speeds, the highest unfolding forces are seen for simulations where only chains of two domains were picked up (Fig. 6, black solid line) , and the lowest unfolding forces are seen for simulations where only chains of five domains were picked up (Fig. 6 , light gray solid line). Intermediate forces are seen for the simulations in which there is an equal unfolding probability of picking up and unfolding any number of domains from two to five.
This result was expected [63, 64] . However, in order to assess the implications of different distributions of the number of unfolded domains on the obtained model fits to the data [and therefore the resulting values of k U (0) and x U ], it is necessary to obtain a measure of how much k U (0) and x U , obtained for an equal unfolding probability distribution simulation, have to be varied to fit the simulated data where only chains of two domains and only chains of five domains were picked up and unfolded. To obtain a measure of this, k U (0) and x U were varied in steps of two significant figures until the equal unfolding probability distribution simulation matched the two-domain simulation and the five-domain simulation unfolding forces [ Fig. 6(a) ]. The resulting values of k U (0) and x U are shown in Fig. 6(b) . The uncertainty in x U FIG. 6. The simulated pulling speed dependence at speeds of 160, 400, 1000, and 2000 nm s −1 , of the median unfolding force of I27 with k U (0) = 0.0015 s −1 and x U = 0.28 nm, for 1000 force-extension traces, where two I27 domains unfold every time (black triangles); two, three, four, or five I27 domains unfold with an equal probability (gray triangles); or five I27 domains unfold every time (light gray triangles). Solid lines indicate fits to the data. It can be seen that the unfolding forces for traces where only two domains unfold are the highest, followed by the mixed traces. The traces where only five domains unfolded yield the lowest forces. Dashed lines show the fits where k U (0) and x U were varied for the case in which each force-extension trace type is equally probable, until the linear dependence of the unfolding force on the pulling speed matched that obtained for the two extreme cases. is not large: it varies by 0.005 nm, while the uncertainty in k U (0) is greater (approximately one order of magnitude). Nevertheless, for single-molecule experiments of this type, the level of experimental uncertainty and error is already high, due to thermal noise fluctuations of the cantilever [56, 57] and sensitivity to differences between individual cantilevers [29] . Furthermore, this approach is routinely used to measure small changes in x U and k U (0), induced by changes in temperature [10] or single-point mutations [32] , for example. Therefore, reducing the level of uncertainty introduced at the data analysis stage is important. Clearly, the cases in which only force-extension traces where two-domain polyproteins are picked up and unfolded or only five-domain polyprotein chains are picked up and unfolded in a single experiment are highly unlikely, but this example illustrates the extremes of the uncertainty bounds. To avoid introducing this uncertainty entirely, it is possible to use the experimentally derived unfolding distribution to inform the MC simulation. This unequal unfolding probability MC simulation will then give more accurate values of k U (0) and x U for the experimental data, as the simulated data set will be more closely matched to the experimental data set.
IV. DISCUSSION AND CONCLUSION
In single-molecule force spectroscopy experiments using polyprotein chains, the probability of picking up the full polyprotein chain on each approach/retraction of the AFM cantilever tip is very low. In fact, different chain lengths are picked up and unfolded, and the probabilities of picking up each chain length are not equal [ Fig. 3(b) ]. As a result of the domain number contribution to the unfolding history effect, shorter chain lengths result in higher median unfolding forces than longer chain lengths, meaning that for a given set of experimental conditions, depending on the distribution of numbers of unfolding events on any given day, the median unfolding force may vary significantly. We have demonstrated the significance of considering the probability of picking up and unfolding polyprotein chains of different lengths when using MC simulations to extract estimates of the parameters governing the unfolding energy landscape of the protein studied, k U (0) and x U . In the example given, the changes between k U (0), x U , and G * obtained from the equal and unequal unfolding probability distribution simulations were small. Despite this, the differences can be of the same magnitude as the changes in k U (0), x U , and G * resulting from a single point mutation, ligand binding, or a change in the pulling direction applied to a protein domain. Therefore, the use of this method is very important in the analysis of single-molecule force spectroscopy studies of such subtle effects. This result will vary depending on the compliance of the protein domain used, the length of the polyprotein chain, and whether the chain consists of a single domain type or a mixture of different protein domains. For example, if a polyprotein construct of 5 I27 domains is used but only traces with two or three unfolding events are seen, the median unfolding force between the equal unfolding probability case and the experimentally measured unequal unfolding probability distribution at 2000 nm s would be approximately 7 pN. For a polyprotein construct of eight domains where only force-extension traces with two or three unfolding events are seen, the difference in the median unfolding force between the equal unfolding probability case and the experimentally measured unequal unfolding probability distribution would be approximately 14 pN. Finally, for a polyprotein construct of 16 domains, the difference will be approximately 30 pN. However, we highlight that the simulations only take into account situations 1, 2, and 3 shown in Fig. 2 , not situation 4 in which the polyprotein chain detaches from the cantilever before all of the domains have unfolded. Nevertheless, these examples clearly demonstrate the need to consider the probability distribution of picking up polyprotein constructs of different lengths. We have developed a modified MC simulation that enables the user to input the probability of picking up and unfolding polyprotein chains of different lengths, for a given experimental data set, in order to minimize the level of uncertainty in the values of k U (0) and x U that they obtain from the simulation.
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